Thermo-mechanical effects are important in geologic carbon storage because CO 2 will generally reach the storage formation colder than the rock, inducing thermal stresses.
INTRODUCTION
Thermal effects have a significant impact in geologic carbon storage because carbon dioxide (CO 2 ) will not thermally equilibrate with the geothermal gradient in its way down the injection well, especially at high flow rates 1 . Therefore, CO 2 will reach the bottom of the well at a lower temperature than the storage formation. A clear example of this temperature difference can be found at In Salah, Algeria, where, even injecting CO 2 at the wellhead at 35 ºC (5 ºC warmer than the ambient temperature), CO 2 reached the storage formation at 50 ºC, resulting in a temperature difference with the storage formation of 45 ºC 2 . Another example is Cranfield, Mississippi, where CO 2 enters the storage formation 44 ºC colder than the rock 3 . Furthermore, CO 2 may be injected in liquid conditions because it significantly reduces the compression costs at the wellhead, which would lead to a significant temperature difference 4 .
The injection of a fluid that is colder than the host rock has already been studied in enhanced geothermal systems [5] [6] [7] [8] [9] . However, only a few studies have dealt with the coupled thermo-hydro-mechanical analysis of cold CO 2 injection 4, [10] [11] [12] [13] [14] . This scarcity of studies is probably due to the high complexity given by the two-phase flow nature of CO 2 injection in saline formations, together with the non-ideality of CO 2 . Nevertheless, thermo-mechanical effects are receiving increased attention and thus, an increasing number of research groups are considering this problem.
The necessity of further investigation is evident due to the apparent contradiction between results of some of these thermo-mechanical studies. Though all studies agree that there will be a thermal stress reduction in the reservoir that could induce microseismicity and enhance reservoir permeability, the effects on caprock stability differ. For instance, while the simulations of Preisig and Prevost 10 and Gor et al. 13 3 yielded tensile failure in the caprock after some years of injecting cold CO 2 , the results of Vilarrasa et al. 4, 14 showed that the stability in the lower part of the caprock increases around the injection well due to a stress redistribution caused by the thermal stress reduction in the reservoir. These differences may arise from the different geological setting that they investigated. Preisig and Prevost 10 and Gor et al. 13 based their studies on the geological setting of the In Salah CO 2 storage site, which is a thin reservoir (20 m thick). However, Vilarrasa et al. 4, 14 considered a 100 m thick reservoir in both normal and reverse faulting stress regimes. The relevance of the stress state on the thermomechanical response is highlighted by the variation in the results of Preisig and Prevost 10 and Gor et al. 13 . Even though they considered the same geometry and geomechanical properties, Preisig and Prevost 10 results yielded tensile failure after 3 years of injection by assuming a hypothetical normal faulting stress regime, but Gor et al. 13 results predicted tensile failure after 12 years of injection using the actual strike slip stress regime of the site. Another aspect that may have an influence in the results of Preisig and Prevost 10 and Gor et al. 13 is the fact that they do not simulate the basement rock below the injection zone. Therefore, the bottom of the reservoir is a no flow boundary that does not allow temperature to dissipate into the basement and thus, a higher temperature drop may occur towards the caprock. Hence, a detailed modeling of each injection site will be needed to properly assess thermo-mechanical effects.
The study of a real injection site, like In Salah, can give valuable insight into the relevant thermo-hydro-mechanical processes that occur as a result of CO 2 injection. A real site provides data, such as ground uplift, CO 2 breakthrough at monitoring wells and induced microseismicity, which can be used to validate and improve our models to ensure permanent storage. For instance, the double lobe uplift observed above In Salah KB-502 injection well led to the discovery that a fracture zone could have opened at 4 depth 15 and the magnitude of the uplift above KB-501 injection well was used to estimate the caprock permeability 16 . Rinaldi and Rutqvist 17 calibrated the geometry of the fracture zone at KB-502 by fitting the modeling results with the observed surface uplift data. Additionally, the breakthrough of CO 2 at KB-5 monitoring well, placed 2 km away from the injection well KB-502, permitted estimation of the potential permeability increase of the reservoir 18 . This permeability enhancement could be explained by fracture opening due to thermo-hydro-mechanical effects as a result of injection-induced pressure increase and cooling, i.e., as a function of the stress changes 19 . As for induced seismicity, despite the significant overpressure and temperature drop induced at In Salah, no felt seismic events have been reported 20, 21 , though microseismic events have been observed to be correlated with the injection rate 22 .
Apart from thermo-mechanical effects, the capillary properties of the reservoir, i.e., retention and relative permeability curves, may affect caprock stability because they determine the plume shape, which will influence overpressure distribution. These curves may change during injection due to injection-induced deformation of the porous media 23 . Recently, data of the retention and relative permeability curves from the In Salah reservoir have been published 24 . These curves differ from previous curves used in numerical studies to simulate the In Salah CO 2 storage site (e.g. 16, 17 ). Thus, the sensitivity of these retention and relative permeability curves on the caprock stability should be investigated.
The objective of this work is to analyze the caprock stability at In Salah when injecting cold CO 2 . To this end, we use all the available data to model the site as accurately as possible. We first analyze the effect of several retention curves and relative permeability curves on overpressure. Next, we investigate thermo-mechanical effects by comparing CO 2 injection at 50 ºC and injection in thermal equilibrium with the storage formation, i.e., 95 ºC, by performing numerical simulations of non-isothermal two-phase flow in deformable porous media. Although the CO 2 injection at In Salah was suspended after about 6 years of operation, we are still modeling and analyzing the caprock stability considering up to 30 years of injection, when the reservoir cooling effects become more substantial, as could be expected at future industrial CO 2 injection sites.
METHODS
We consider the injection of cold CO 2 at the In Salah storage site, Algeria. Cold CO 2 injection in a deep confined saline formation induces coupled thermo-hydro-mechanical processes that may affect caprock stability. To solve these couplings, mass conservation of each phase, energy balance and momentum balance may be solved simultaneously in a fully coupled approach. Mass conservation of these two miscible fluids can be written
where
] is the phase change term (i.e. CO 2 dissolution into water and water evaporation into CO 2 ) and  is either CO 2 Momentum conservation for the fluid phases is given by Darcy's law
] its pressure and g [L T -2 ] is gravity.
Energy conservation can be expressed as (e.g.,
] is enthalpy of  -phase (
] is thermal conductivity and T [] is temperature. We assume thermal equilibrium of all phases at every point.
Neglecting inertial terms, the momentum balance of the solid phase is reduced to the equilibrium of stresses
] is the stress tensor and
] is the body forces vector.
We assume that the rocks deform elastically. We use linear thermo-elasticity in porous media to include the effect of changes in fluid pressure and temperature on rock strain.
Elastic strain, which depends on total stress, overpressure and temperature, are given
where ε [L L -1 ] is the strain tensor,
] is the mean stress, . However, for cases where capillarity is strong, the equivalent pore pressure has to be used 29 .
Here, the sign criterion of geomechanics is adopted, i.e. stress and strain are positive in compression and negative in extension.
To evaluate fracture stability, we conservatively assume that a cohesionless critically oriented fracture could exist at every point, meaning that a standard Mohr-Coulomb failure criterion can be used. Adopting the Mohr-Coulomb failure criterion, the mobilized friction angle can be calculate as
] is the tangential stress and
] is the normal effective stress acting on the cohesionless critically oriented fracture. The mobilized friction angle gives an idea of how close the stress state is to failure conditions. If the mobilized friction angle equals the fracture strength, the fracture undergoes shear slip, which could induce a microseismic event. . Table 1 includes the thermo-hydro-mechanical properties of all the rock types considered in the model 17 . Table 2 shows the parameters of the retention curve and relative permeability curves used in the sensitivity analysis to test capillary effects on caprock stability. The measured data of the retention curve and relative 8 permeability curves corresponding to the reservoir at In Salah are taken from Shi et al. 24 and the functions used in previous numerical studies are those of Rutqvist et al. 16 and Rinaldi and Rutqvist
17
. Additionally, we use for comparison a third set of functions considering a retention curve with the capillary entry pressure used by Rutqvist et al. 16 and the van Genuchten m shape parameter of the adjusted function to the real data, and the relative permeability functions used by Rutqvist et al. 16 . Figure 2 shows all these functions, including the adjusted functions to the data given by Shi et al. 24 .
The initial pressure is hydrostatic and the initial temperature distribution is such that the surface temperature is 30 ºC and the temperature at the top of the reservoir is 95 ºC
This represents a geothermal gradient of 36 ºC/km. The stress state, which is a strike slip stress regime, has been taken from a best estimate of the stress field listed in Morris et al. 30 . According to this estimate, the vertical stress, v  , is lithostatic (with gradient of 24.7 MPa/km), the maximum and the minimum horizontal stresses follow the kg/s per meter of the horizontal well. For a 1.5 km long horizontal well, it represents a total injection rate of 3.5 kg/s, which is about 0.11 million tons per year or 6 million standard cubic feet per day. This injection rate is within the range of injection rates per injection well at In Salah and yields an 9 overpressure similar to that observed at In Salah. We also simulate a case of CO 2 injection in thermal equilibrium with the storage formation to identify and quantify the induced thermal stresses. To represent the horizontal well, we model half of a 2D cross section perpendicular to the injection well. We assume that the injection well is placed at the bottom of the reservoir. The hydraulic boundary conditions are constant pressure at the outer boundary and no flow at the top and bottom boundaries. The thermal boundary conditions are constant temperature at the top boundary and no flow in the other boundaries. The mechanical boundary conditions are no displacement normal to the bottom, outer and injection well boundaries, and a stress equal to the atmospheric pressure at the top boundary.
The thermo-hydro-mechanical simulations are solved in a fully coupled approach using the finite element numerical code CODE_BRIGHT 31, 32 extended for CO 2 injection 26 .
The mesh is made of structured quadrilateral elements. Horizontally, the size of the elements is tens of cm close to the injection well and increases progressively up to 1800 m next to the outer boundary. Vertically, the reservoir and tight sands are discretized with 2 m thick elements. The element size progressively grows in the rest of materials up to 400 m toward the upper and lower boundaries. We performed a mesh sensitivity analysis to ensure that results are not affected by further refinements. The 2D model permits using a very fine mesh around the injection well to resolve pressure and temperature gradients near the well and at the reservoir-caprock interface. Such refinement cannot be obtained with 3D models. Figure 3 displays the CO 2 plume shape after 5 years of injection for the three groups of retention curve and relative permeability curves used in this study. The CO 2 plume shape is quite sensitive to changes of these functions. For instance, for a given m shape parameter of the van Genuchten retention curve, a lower entry pressure leads to a lower capillary trapping at the lower part of the reservoir. Therefore, CO 2 tends to float ( Figure   3 : compare the upper case, high entry pressure, with the lower case, low entry pressure).
RESULTS

CAPILLARY EFFECTS
And for a given entry pressure, a higher van Genuchten m shape parameter yields higher CO 2 saturations and also more buoyancy to CO 2 , which tends to concentrate at the top of the reservoir (Figure 3 : compare the lower case, high m shape parameter, with the middle case, low m shape parameter).
These differences in the CO 2 plume shape will have an effect on the capillary and dissolution trappings of CO 2 in the post-injection period 33 , but the differences have a negligible effect on the injection pressure. Though overpressure differs at the edge of the CO 2 plume because the CO 2 -brine interface position varies for different retention and relative permeability curves, the maximum overpressure, which occurs in the vicinity of the injection well, is very similar in all cases. Therefore, caprock stability is practically insensitive to retention and relative permeability curves.
THERMO-MECHANICAL EFFECTS
The injection of a fluid into a reservoir induces an increase of the horizontal total stresses as a response to overpressure 20, 26, 34, 35 . If the fluid is colder than the host rock, the thermal contraction causes a thermal stress reduction that is proportional to the temperature difference and the rock stiffness 28 . Figure 4 shows the total stress changes induced by fluid pressure and temperature changes. The total stress changes propagate 11 deeper into the basement than into the caprock because of the higher permeability of the basement, which leads to the pressure perturbation advancing further into the basement than into the caprock. The thermal stress is the difference between the two curves, i.e., the one that corresponds to CO 2 injection in thermal equilibrium with the storage formation and the curve that indicates cold CO 2 injection. The largest thermal stress takes place at the bottom of the reservoir because CO 2 is injected there (Figure 4a ). The maximum temperature drop coincides with the injection well and dissipates in all directions. Indeed, cooling only occurs within some tens of meters around the injection well ( Figure 5 ). Therefore, thermal stresses are not induced outside of the cooled region (Figure 4b ). The small difference in the total stress changes that occurs outside of the cooled region between cold CO 2 injection and CO 2 injection in thermal equilibrium with the storage formation (Figure 4b ) is due to the fact that injecting cold CO 2 induces a slightly lower overpressure 4 . This lower overpressure is a consequence of the higher density of cold CO 2 , which leads to the displacement of a smaller amount of brine.
However, the differences in the total stress changes become larger around the injection well, where cooling takes place (Figure 4a ). Unlike isothermal injection, which induces a total stress change very similar in all horizontal directions, cold CO 2 injection induces a larger stress reduction in the minimum horizontal stress direction, along the borehole axis. Therefore, geomechanical stability decreases in this region because (i) the thermal stress reduction displaces the Mohr circle towards the failure envelope and (ii) the larger thermal stress reduction in the minimum horizontal total stress increases the size of the Mohr circle (Figure 6a ). Figure 6 displays the Mohr circles at the bottom of the caprock prior to injection and after 30 years of injection of isothermal and cold CO 2 . Since In Salah is under a strike slip stress regime, the maximum and the minimum principal effective stresses are horizontal, so they are used for defining the Mohr circles, and the vertical effective stress is the intermediate one. When injecting CO 2 in thermal equilibrium with the storage formation, the effective stress changes are uniquely due to overpressure. Since both horizontal total stresses increase similarly, the size of the Mohr circle is maintained. Furthermore, the Mohr circle is displaced towards the yield surface, due to overpressure. However, it is displaced a magnitude smaller than the overpressure because of the increase in the horizontal total stresses. If CO 2 is injected colder than the storage formation, stability is very similar to the isothermal CO 2 injection outside of the cooled region, which is limited to the vicinity of the injection well (Figure 6b ). The small differences between the Mohr circles are due to the slightly lower overpressure when injecting cold CO 2 . By contrast, the thermal stress reduction that occurs in the cooled region displaces the Mohr circle even more towards the yield surface and increases its size (Figure 6a) . Thus, the yield surface may be reached, inducing shear failure and microseismicity. However, tensile failure is far from occurring at the bottom of the caprock because the minimum effective stress remains in compression (Figure 7) . Figure 7 , which illustrates the evolution of the maximum and minimum effective stresses, overpressure and temperature change, clearly shows that tensile failure is unlikely to occur at In Salah for a CO 2 injection that is 45 ºC colder than the storage formation. Though the thermal stress increases progressively as the lower part of the caprock cools down, the increase rate is so small that the tensile strength may never be reached. The minimum compressive effective stress after 30 years of injection is higher than 5 MPa, but the thermal stress reduction in the minimum compressive effective stress is only of 3 MPa. Figure 7 also shows that the thermal stress in the maximum compressive effective stress is much smaller than in the minimum compressive effective (Figure 4a) , the highest values of the mobilized friction angle occur. The top of the basement is also the most critical zone when injecting CO 2 in thermal equilibrium with the formation. This is because fluid pressure propagates quickly into the basement because the injection well is immediately above it, but the horizontal total stress increase is much smaller than in the reservoir (Figure 4) , which leads to a larger displacement of the stress state towards the failure envelope than in the reservoir.
DISCUSSION
Changes in the capillary functions, i.e. retention curve and relative permeability curves, significantly modify the CO 2 plume shape. However, overpressure is almost insensitive to changes of these functions and therefore caprock stability is not affected by capillary effects. These results are in agreement with those of Bao et al. 36 , who found that the 14 most relevant factors affecting the geomechanical response to CO 2 injection are reservoir permeability, injection rate and reservoir porosity, but that capillary functions play a minor role.
On the other hand, thermal effects are important and should be considered site specifically, using the most accurate available geomechanical data. Site characterization is key for the success of geologic carbon storage 37 and this requires a good hydromechanical characterization 38 . Rock stiffness and state of stress are essential to determine the maximum sustainable injection pressure 39 and the temperature drop with which CO 2 can be injected safely without compromising caprock stability 4 .
Though thermal stress may induce shear slip around the In Salah injection wells ( Figure   8 ), tensile failure is unlikely to occur because the minimum effective stress is in compression throughout the simulated injection (Figure 7) . Nevertheless, some uncertainty exists on the actual minimum horizontal stress that could affect this result.
Though most of the studies consider similar minimum horizontal stress to the one considered here 2, 13, 24 , White et al. 40 estimated that the minimum effective stress was around 24.0 MPa, based on a step rate injectivity test. Such minimum effective stress, which is almost 7 MPa lower than the one used in this study, would probably induce tensile failure. Though our simulation results show that no hydrofracturing is likely to occur, preexisting fractures may open up due to a combination of shearing and the normal effective stress reduction of fractures induced by overpressure and cooling, which may lead to CO 2 migration into the lower portion of the caprock 40 . The absence of tensile stresses is in disagreement with the results of Preisig and Prevost 10 and Gor et al. 13 , who predicted tensile stresses in the lower part of the caprock after several years of cold CO 2 injection. This difference cannot be due to the numerical scheme, because in their simulations and in our own simulations, a fully coupled numerical code has been 15 used. It can neither be due to the pore pressure definition, because the geomechanical results are not affected by the pore pressure definition due to the very low capillarity of this problem 29 . However, the difference in the stress changes may be due to the fact that they placed the injection well in the middle of the reservoir and that they did not include the basement in their model, through which fluid penetrates further than into the caprock due to its higher permeability.
The increase of shear slip potential that occurs due to thermal stresses in this model also differs from the results of Vilarrasa et al. 4 , who found that cold CO 2 injection in a 100 m thick reservoir does not worsen caprock stability in a reverse faulting stress regime and even improves caprock stability in a normal faulting stress regime. The reasons for this difference in caprock stability are multifold: the state of stress, the thickness of the reservoir and the orientation of the injection well. First, the stress state considered in this study is different from those considered by Vilarrasa et al. 4 . While the maximum and the minimum effective stresses coincide with the vertical and horizontal direction in a normal and a reverse faulting stress regimes, they are contained within the horizontal plane in a strike slip stress regime. This is relevant because the changes in effective stresses are much different between the vertical and horizontal direction than between the two horizontal directions. In a normal faulting stress regime, the Mohr circle shrinks at the bottom of the caprock due to an increase in the total horizontal stresses induced by thermal effects and therefore, the caprock tightens. In a reverse faulting stress regime, the Mohr circle expands slightly, but due to the high confining pressure, the decrease in stability compared to the isothermal case is small. However, in a strike slip stress regime, the Mohr circle is displaced to the left due to the thermal stresses reduction and also increases in size due to the anisotropy in the thermal stresses in the horizontal direction (Figure 6a) . Therefore, caprock stability decreases. Another factor 16 that affects caprock stability is the reservoir thickness. The reservoir in the study of Vilarrasa et al. 4 is very thick (100 m), leading to a significant reduction of the vertical total stress within the reservoir. To satisfy stress balance, stress redistribution around the cooled volume occurs, causing the horizontal total stresses to increase at the bottom of the reservoir. However, the reservoir thickness at In Salah is much thinner (20 m) and therefore, the vertical total stress reduction takes place in a much smaller volume. Note that outside of the cooled region, the vertical total stress is maintained constant (Figure   4b ). Therefore, the stress redistribution is smaller, leading to a lower increase of the horizontal total stresses at the bottom of the caprock. The effect of the reservoir thickness on normal fault reactivation was also recently studied by Rinaldi et al. 41 . Their results show that, for a given injection rate, if the pressurization reaches the critical value to reactivate the fault, the thicker the reservoir, the larger the seismic event magnitude. Finally, the orientation of the injection well affects caprock stability 42 . When injecting CO 2 through a horizontal well, thermal stresses are higher at the injection well, which is usually placed at the bottom of the reservoir. This may seem beneficial because the caprock is less affected by the thermal stress reduction. On the other hand, if CO 2 is injected through a vertical well, the whole reservoir is cooled and the vertical stress reduction affects a larger volume of rock, which may enhance the increase in the horizontal total stress and therefore, tighten the caprock. However, these thermal effects due to reservoir thickness and orientation of the well need further investigation.
This and previous studies 4, 14 reveal that thermal stresses can be estimated and controlled. Therefore, thermal stresses should not be feared, we just need to anticipate their potential effects, which can be positive in some cases 4 . Since CO 2 will likely reach the storage formation at a colder temperature than that of the host rock 14 , the analysis of thermo-mechanical effects associated with CO 2 injection sites will be required. Though temperature changes will occur only in the vicinity of the injection well ( Figure 5) , it is important to consider them in order to avoid damage to the caprock that could lead to CO 2 leakage. Apart from thermo-mechanical effects, the affection that overpressure has on faults located far away from the injection well should also be studied. Such faults could be reactivated, inducing a seismic event 41, [43] [44] [45] [46] . Nevertheless, at the In Salah CO 2 storage site, our analysis shows that the mobilized friction angle prior to injection is relatively low, around 25 º (Figure 8 ) and therefore, there is probably wide margin before fractures and faults are reactivated at a significant rate. Note that far away from the injection well, CO 2 will have already thermally equilibrated with the storage formation ( Figure 5 ) and therefore, no thermal stresses will be induced. Figure 8 shows that the mobilized friction angle within the reservoir next to the injection well for an isothermal injection, despite the substantial overpressure, is lower than 30 º, which is frequently considered as the strength of fractures and faults 47 . Thus, further away from the injection well, i.e., outside of the cooled region and where overpressure is significantly smaller, the mobilized friction angle will be smaller and therefore fractures and faults are unlikely to be reactivated. This is in agreement with simulation results presented by Rutqvist 20 , which showed that the highest potential for induced microseismicity occurs close to the injection well. On the other hand, the analysis by Morris et al. 30 indicated that minor faults within the reservoir and away from the injection wells could be reactivated and thereby become more hydraulic conducting.
However, the analytical analysis Morris et al. 30 is based on the initial (pre-injection) stress state, injection-induced changes in pressure and effective stress, without consideration of injection induced changes in the total stress field. As pointed out in 19 We analyze thermal and capillary effects on the caprock mechanical stability at the In Salah CO 2 storage site, Algeria. Capillary effects are not relevant on the caprock stability because the induced overpressure is almost insensitive to changes in the retention and relative permeability curves. However, thermal effects have a significant effect on caprock stability around the injection well for the geological setting considered in this study, which is based on In Salah. For injection through a horizontal well, the injection-induced thermal stresses are anisotropic in the horizontal plane, which, apart from displacing the Mohr circle to the left, can cause an increase in the Mohr circle size.
CONCLUSIONS
The Mohr circle will increase in size if the horizontal well is oriented parallel with the minimum compressive stress, which is a common practice and also the case at In Salah.
Our analysis shows that the thermo-mechanical response to cold CO 2 injection and its effect on caprock stability strongly depends on the local stress regime, i.e., normal faulting, reverse faulting or strike slip, which highlights the necessity of site specific analysis.
At In Salah, injection-induced thermal stresses may have caused shear slip of preexisting fractures in the region affected by cooling, which concentrates in the vicinity of the injection well. In the case that this shear slip has occurred, it has been restricted to small shear displacements on small fractures that may be the source of (unfelt) microseismic events that were detected during injection at the site. However, tensile failure induced by thermal stress is unlikely to occur at the bottom of the caprock because the analysis shows that the minimum compressive effective stress remains in compression. Thus, although excessive cooling should be limited in order to reduce the effect on caprock stability, it appears that the cooling at In Salah has been beneficial to the injection operation with potential increase in accessible porosity that could provide additional storage volume in the lowest part of the caprock. Indeed, the analysis shows 20 that only the reservoir and the lowest tens of meters of the 900 m thick caprock were affected by the cooling effects, which would thus not jeopardize the overall sealing capacity of the caprock.
Overall, thermo-mechanical effects should be analyzed before CO 2 is injected at any site in order to determine the temperature drop that should not be exceeded to avoid damage to the caprock that could lead to CO 2 leakage. To perform this analysis, a proper geomechanical site characterization, which measures the stress state and rock stiffness, is required. This analysis prior to injection should be followed by a monitoring system controlling overpressure, temperature changes and microseismicity in order to ensure that injection evolves as expected and to adapt the injection parameters as more information is collected and the knowledge of the site is improved. Table 2 . Properties of the retention curve and relative permeability curves used in the sensitivity analysis of the capillary effects on caprock stability.
TABLES
Property
Adjusted functions
Previous functions
Additional functions
Relative water permeability, rw k (-) The red arrow indicates the effect induced by overpressure, which also includes the increase in the horizontal total stresses, and the blue arrow indicates the effect of the temperature reduction, which also incorporates the anisotropy of the thermal stress in The thermal stress is the difference between these two lines. 
